Thirty two lambs were fed a total mixed ration (TMR) formulated either with palm 27 oil (CTRL; 34 g palm oil kg -1 TMR) or whole flaxseed (+FS, 85 g flaxseed kg -1 TMR) 28 alone or enriched with quercetin (+QCT, 34 g palm oil plus 2 g quercetin kg -1 TMR; 29 +FS+QCT, 85 g flaxseed plus 2 g quercetin kg -1 TMR). Dietary flaxseed did not affect, 30 in a significant manner, the lipid peroxidation of meat samples. Quercetin treatment 31 reduced oxysterols content (P < 0.05) after 7 days of refrigerated storage of fresh meat, 32 but did not affect significantly (P > 0.05) the level of lipid-derived volatiles in the 33 headspace of the light-exposed stored cooked meat. Sensory evaluation showed flaxseed 34 as being responsible for a negative effect on meat flavour, probably associated with a 35 modification of the fatty acid profile whereas, unexpectedly, quercetin seemed to 36 worsen meat tenderisation. 37
Introduction 39
The protection of meat against lipid oxidation during storage is indispensable in 40 order to preserve the quality standards and shelf life of the product (Nieto, Diaz, Bañon, 41 & Garrido, 2010) . This objective has been approached in several studies by adding 42 directly to the meat metal-chelating agents (Allen & Cornforth, 2010) or synthetic 43 antioxidants such as butylated hydroxytoluene (BHT) (Naveena, Sen, Vaithiyanathan, 44 Babji, & Kondaiah, 2008) , whose possible harmful effects on human health are still 45 controversial. This is the reason why the addition to meat of natural (no synthetic) 46 antioxidants has been proposed (Jayathilakan, Sharma, Radhakrishna, & Bawa, 2007; 47 when included in the diets of the animals (Brewer, 2001 ). This strategy is especially 50 interesting because if antioxidants are deposited in the meat during the life of the animal 51 the addition of exogenous products would not be required after slaughter. This 52 alternative, perceived by the consumer as a high quality standard (Sebranek & Bacus, 53 2007), might be especially useful to prevent meat lipid oxidation when diets rich in 54 polyunsaturated fatty acids (PUFAs) are administered to the animals, since these dietary 55 components are prone to undergo oxidation processes. 56
In this sense, attention has been paid to phenolic compounds, a group of substances 57 present in fruits, vegetables, nuts and seeds which have shown potent antioxidant effect 58 as metal chelators or free-radical scavenging activities Miller, & Paganga, 59 1997). However, results have been variable when antioxidants are included in the diet of 60 the animals. For example, naringenin (aglycone fraction of naringin) has been 61 demonstrated to accumulate in the liver but not in the muscle, so meat quality attributes 62 have not been modified by this flavonoid when included in the diet of fattening lambs at 63 0.15% level (Bodas, Prieto, Jordán, López-Campos, Giráldez, Morán, L., & Andrés, 64 2012) . On the other hand, carnosic acid (the main phenolic compound retained in 65 animal tissues after the consumption of rosemary) has positive effects on meat quality 66 (improved texture, low oxysterols content and low lipid oxidation) when feeding 67 rosemary extract to fattening lambs (Morán, Andrés, Bodas, Prieto, & Giráldez, 2012) . 68
Regarding quercetin (another aglycone fraction), another phenolic compound with 69 demonstrated antioxidant, antiviral and anticarcinogenic properties in monogastrics 70 (Nair, Kandaswami, Mahajan, Chadha, Chawda, Nair, Kumar, Nair, & Schwartz, 2002) , 71 there is not much information about the effectiveness of this compound when included 72 in the diet of ruminants. Therefore, the aim of the present study was to investigate the 73 6 Finally, BF muscles from the right or left side, at random, were vacuum packaged 121 and frozen and stored at -50 ºC for up to 2 months prior cooking and subsequent 122 analysis of iron-induced TBARS and volatile compounds. 123
Texture profile analysis (TPA) and water holding capacity (WHC) 124
The slices of LL after 0, 7, and 14 days under refrigerated storage condition were 125 weighed and cooked in a double-sided griddle (preheated at 220 °C) until a core 126 temperature of 75 °C was reached, following the guidelines for cooking procedures of 127 AMSA (1995) . After cooling at 4 ºC for 30 min the samples (LL) were weighed again 128 and frozen at -30 ºC until texture profile analysis (TPA) according to the procedure 129 described by Herrero, de la Hoz, Ordoñez, Herranz, Romero de Ávila, & Cambero 130 (2008) with slight modifications: meat specimens were cubic (10 mm 3 ) and the 131 compression percentage of the initial height was 80%, with the compression axis 132 perpendicular to the muscle fibre direction. The water holding capacity (WHC) was 133 measured on LL samples via cooking loss, according to Honikel (1998) . 134
Cholesterol oxidation 135
GM samples after 7 days of refrigerated storage were weighed and cooked as 136 previously described for LL slices. Then, they were cooled at 4 ºC for 30 min, weighed 137 again, and freeze-dried for oxysterols analysis. Cholesterol oxidation products (COPs), 138 also called oxysterols, were determined according to the method proposed by Grau, 139 Codony, Grimpa, Baucells, & Guardiola (2001) . Briefly, lipids were extracted from 1 g 140 of cooked and freeze-dried GM samples using a mixture chloroform/methanol (2:1, v/v) 141 (Folch, Lees, & Sloane Stanley, 1957) . 19-Hydroxycholesterol (19-HC) was used as an 142 internal standard. Ten millilitres of 1.5 M methanolic KOH were then added and the 143 mixture was kept in an orbital shaker for 20 h at room temperature under N 2 atmosphere7 and darkness to complete the cold saponification. The unsaponificable matter was 145 extracted three times with diethyl ether in a separating funnel, and then purified by 146 solid-phase extraction (SPE) according to the procedure described by Guardiola, 147
Codony, Rafecas, & Boatella (1995) respectively. Helium was used as a carrier gas at a flow rate of 0.5 ml min -1 . The mass 156 spectrometer operated in electron impact mode with electron energy of 69.9 eV, an 157 emission current of 34.6 μA, a source and quadruples temperatures of 230 and 180, 158 respectively, and scanned from m/z 40 to m/z 400. The oxysterols 7α-159 hydroxycholesterol (7α-HC), 7β-hydroxycholesterol (7β-HC), 5,6α-epoxycholesterol 160 (α-CE), 5,6β-epoxycholesterol (β-CE), cholestanetriol (CT), , and 7-ketocholesterol (7-KC) were identified by comparing their retention times 162 and spectra with those of authentic standards (Steraloids, Inc., Wilton, New Hamp-163 shire, UK) and quantified using the internal standard. 164
Iron-induced TBARS and volatile compounds in stored cooked meat 165
After thawing the BF muscles at 10 ºC for approximately 12 h into the packaging, 166 the muscles were cut into three sections perpendicular to the long axis: proximal (1.58 slice was cooked as previouly described and a slice was immediately used for analysis. 170
The remaining slice was placed in impermeable polypropylene trays, covered by an 171 oxygen-permeable polyvinylchloride film and stored at 5 °C for 3 days, while exposed 172 to a light source (12 h per day) provided with a pair of twin linear fluorescent tubes (34 173 W). 174
The in-vitro iron-induced lipid oxidation was measured in duplicate on the BF slice 175 sampled immediately after the cooking procedure. The procedure described by Mercier, 176 Gatellier, & Renerre (2004) was followed for sample preparation and incubation of 177 sample solutions, with incubation times of 0 (immediate measurement without 178 incubation), 1, 4, and 6 hours and incubation temperature of 37 ºC. Afterwards, the 179 thiobarbituric acid reactive substances (TBARS) assay with 1 ml of incubated sample 180 solution was carried out according to the method proposed by Nam & Ahn (2003) . 
Statistical analysis 208
Data of cooking loss, texture, COPs content, iron-induced TBARS values and 209 volatile compound levels were subjected to a two-way analysis of variance, using the 210 MIXED procedure of SAS (SAS, 1999) according to the following model: 211
where y ijk is the dependent variable, μ is the overall mean, FS is the effect of flaxseed 213 addition, QCT is the effect of quercetin addition, FS×QCT is the effect of the 214 interaction between quercetin and flaxseed, S is the effect of slaughter day (block), B is 215 the effect of batch (block), B×FS×QCT the interaction between treatments and batch, 216 which was used as experimental error to test the effects of treatments, and ε ijk is the 217 residual error. Least square means were generated and separated using the PDIFF option 218 of SAS for main or interactive effects, with the level of significance being determined atand also analyzed using the chi-square test (Stone & Sidel, 1993) of the FREQ 221 procedure in SAS (SAS, 1999) . 222 Table 2 summarises the cooking loss and texture profile analysis (TPA) of lamb 225 meat samples (LL) during the refrigerated storage period. As can be observed, a lack of 226 significant differences in the LL samples when cooking losses were measured after 0, 7, 227 and 14 days of refrigerated storage was observed (Table 2) . Regarding TPA, trends 228 towards significantly greater values for hardness were detected in the LL meat samples 229 from lambs being fed quercetin (0 days of refrigerated storage) and flaxseed (7 days of 230 refrigerated storage), respectively. However, neither statistical differences nor a trend 231 toward significantly different values was observed for chewiness, which is a property 232 calculated from hardness, elasticity and cohesiveness ( 
Results and discussion 223

Water holding capacity (WHC) and texture profile analysis (TPA) 224
Cholesterol oxidation 235
Regarding oxysterol content in meat samples, these compounds can be absorbed 236 through the intestinal tract into the blood stream, thus increasing the susceptibility of the 237 consumer to coronary heart disease (Valenzuela, Sanhueza, & Nieto, 2003) . Since the 238 main source of oxysterols in meat is heat processing, these substances were determined 239 in cooked meat samples (cooked GM after 7 days of refrigerated storage of raw 240 muscles, previously used to measure the WHC by cooking loss). Table 3 presents the  241 corresponding results of oxysterols content for each group. As can be observed, dietary 242 flaxseed did not affect significantly the oxysterols content of meat samples, whereas 243 three of these compounds (7α-HC, 7β-HC, and 7-KC) were significantly reduced in the 244 meat of the lambs being fed quercetin (+QCT and +FS+QCT) when compared to the 245 CTRL and +FS groups (Table 3) . 246
The effectiveness of quercetin in reducing oxysterols content in cooked meat 248 samples found in the present study is in agreement with the results previously described 249 by other authors for other natural antioxidants such as vitamin E supplemented either to 250 pigs (Eder, Müller, Kluge, Hirche, & Brandsch, 2005) or chickens (Grau et al., 2001) or 251 carnosic acid supplemented to lambs (Morán et al., 2012) . 252
It has been suggested that hydroperoxides of polyunsaturated fatty acids formed 253 during lipid oxidation might be necessary to initiate cholesterol oxidation, so oxysterols 254 content might be synergistically increased by unsaturated fat (Smith, 1987) . In this 255 regard, in the present study total oxysterol content (Table 3) was greater when compared 256 to the meat from lambs being fed diets with no fats (∑ COPs ranging from 1.428 to 257 3.022 µg g -1 cooked meat; Morán et al., 2012) . Moreover, oxysterol levels (Table 3)  258 were lower than those reported in pork from animals fed unsaturated fats (linseed and 259 sunflower oils added to the diet at 2% rates), where meat was cooked after being stored 260 at 4 ºC for 9 days (∑ COPs ranging from 6.07 to 12.39 µg g -1 cooked meat; Rey, Kerry, 261
Lynch, López-Bote, Buckley, & Morrissey, 2001) . Also, all lamb meat samples (even 262 those of the CTRL group) showed very low levels of CT and 25-HC, which have been 263 described as atherogenic oxysterols responsible for acute injury to the endothelium 264 (Taylor, Peng, Werthessen, Tham, & Lee, 1979; Peng, Taylor, Hill, & Morin, 1985) . 265 These important differences in the oxysterol content of meat when lambs and pigs arefed unsaturated fats might be explained by the particularity of the ruminant gut, since 267 the biohydrogenation process at rumen level undergone by the unsaturated fatty acids 268 consumed by the lambs might have protected meat against cholesterol oxidation during 269 refrigerated storage and later on during the cooking procedure. This fact might also 270 explain the lack of significant differences observed in the present study between the 271 groups being fed palm oil (CTRL and +QCT lambs) and flaxseed (+FS and +FS+QCT 272 lambs). 273
Iron-induced TBARS and volatile compounds in stored cooked meat 274
Results on lipid oxidation of cooked meat generated via Fenton reaction (Fe nonanal, 2,3-octanodione, 2-octen-1-ol and 2-penthyl-furan (Frankel, 1982; Mottram, 296 1998) . Among them, only the straight-chain aliphatic aldehydes are shown in Table 5 as 297 the predominant group. The relevance of the aliphatic aldehydes in headspace of the 298 lamb meat studied (approximately 50 percent of the total volatile compounds; not 299 shown in Table 5 ) was in agreement with that found in other studies (Vasta & Priolo, 300 2012; Vieira et al., 2012) . The presence of aldehydes in ruminant meat headspace is 301 mainly attributed to lipid oxidation/degradation taking place during cooking and storage 302 of cooked meat (Shahidi & Pegg, 1994a,b; Sivadier, Ratel, Bouvier, & Engel, 2008) . 303
[INSERT TABLE 5 NEAR HERE, PLEASE] 304
At day 1 (just after cooking the meat samples), meat from the lambs being fed 305 flaxseed (+FS and +FS+QCT groups) showed a trend towards significantly lower values 306 of pentanal, hexanal, and octanal (P < 0.1) when compared to the meat from the lambs 307 being fed no flaxseed (CTRL and +QCT diets). Those aldehydes are typically derived 308 from the two main unsaturated fatty acids in meat, i.e. oleic acid, 18:1, and linoleic acid, 309
18:2n-6 (Elmore, Campo, Enser, & Wood, 2002; Frankel, 1982; Zanardi, Novelli, 310 Nanni, Ghiretti, Delbono, Campanini, Dazzi, Madarena, & Chizzolini, 1998). As 311 observed in this study, it has already been proven that diet can affect the levels of lipid- In meat exposed to oxidation during storage (at day 3 of storage), the levels of 319 aldehydes were dramatically increased with respect to day 1 (Table 5 ). In this sense, 320 strong increases in lipid-derived compounds, resulting in oxidized flavours, have been 321 reported in stored cooked meat after hours of cooking (Kingston, Monahan, Buckley, & 322 Lynch, 1998). However, in the present study no significant effects (P > 0.05) of dietary 323 treatment on the levels of straight-chain aliphatic aldehydes (Table 5) , or the rest of 324 lipid-derived compounds (data not shown in tables) were found at day 3 of storage. 325
Thus, considering hexanal (or the group of aldehydes) in meat headspace as oxidation 326 index (Shahidi & Pegg, 1994a,b) , neither dietary flaxseed exerted a negative effect, nor 327 quercetin a positive effect on oxidation status of the light-exposed stored cooked meat. 328
The effect of the addition of quercetin or flaxseed to diet on lipid oxidation stability 329 of cooked meat differs between the two analysis carried out: a significant effect on iron-330 induced TBARS values of recently cooked meat (Table 3) , and no significant effect on 331 hexanal accumulation at day 3 of light-exposed refrigerated storage of cooked meat. A 332 reason for this discrepancy could be attributed to methodological differences between 333 both procedures that can modify the lipid oxidation process, i.e., catalysis pathway, 334 Table 2 ). This result was unexpected, since it has been described that 348 some dietary antioxidants preserve the activity of calpain during the ageing process, 349 thus improving meat tenderisation (Morán et al., 2012) . Meat Science, 73, [218] [219] [220] [221] [222] [223] [224] [225] [226] [227] [228] Vasta, V., Ventura, V., Luciano, G., Andronico, V., Pagano, R. I., Scerra, M., Biondi, 478 L., Avondo, M., & Priolo A. (2012) . The volatile compounds in lamb fat are 479 affected by the time of grazing. Meat Science, 90, [277] [278] [279] [280] [281] [282] [283] Zanardi, E., Novelli, E., Nanni, N., Ghiretti, G. P., Delbono, G., Campanini, G., Dazzi, 485 G., Madarena, G., & Chizzolini, R. (1998) . Oxidative stability and dietary 486 treatment with vitamin E, oleic acid and copper of fresh and cooked pork chops. 
